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ABSTRACT

This dissertation deals with the use of certain
organic carriers, including metal chelates, in plant nutrient
culture. There are presented a serles of nine experiments
with corn grown under greenhouse conditions. It has been
divided into four parts:

Part I, This i1s concerned with the substitution
of an organic form of phosphorus for potassium dihydrogen
phosphate, the usual source. The results show that even
at high pH (6.0-7.0) ethyl ammonium phosphate 1s a good
substitute for potassium dihydrogen phosphate; and, unlike
inorganic phosphatea, it does not make iron unavalilable to
plants by forming precipitates with ferric chloride.

Part II. This deals with the substitution of
calcium acetate for calcium nitrate which is commonly used
as a source of calcium in culture solutions. It 1s tound
that calclum acetate not only 1s a good source of calcium
but also buffers the nutrient solution to maintain it at a
fairly high and conslstent pH level., Furthermore, calclum
acetate appears to stimulate root growth to a greater extent
than celcium nitrate.

Part III. Ethylene dlamine tetraacetic acid (EDTA)
in low concentrations (10 micromoles and below) is found to
be distinctly beneficial to the growth of corn, particularly
to 1ts root development, in solution culture. It has been

suggested that this beneficial effect may be due to a growth-

xii



promoting property of EDTA in low concentratlions.

Corn plants growing in nutrient solution are
adversely affected by excess of copper sulfate (0.4 micro-
mole and higher). EDTA can prevent copper toxicity in corn
up to a certain level. The biochemical basis for the
modifying effect of EDTA on copper toxicity héa been dis~
cussed in detail.

A similar experiment with manganese indicates that
EDTA fails to prevent chlorosis in corn caused by excess
manganese in the nutrient solutlon.

Part IV. The upper non-toxic level for "Versenol"
(N-hydroxy ethyl ethylene diamine triacetic acid) in nutrient
solution 1s found to be 20 micromoles per liter. Unlike
EDTA, "Versenol" in low dilutions does not seem to have any
particular beneficial effect on the root growth of corn.

"Versenol" magnesium chelate, when supplied in non-
toxic concentrations (6 micromoles) and with proper adjust-
ment of the composition of the nutrient solution, can
substitute effectively for magnesium sulfate as a source
of magnesium. "Versenol" calcium chelate, however, proves
to be a poor substitute for calcium acetate as a source of

calcium,

xiii



INTRODUCTION

In recent years a new fleld of study has been
opened to plant physiologists with the discovery of the
synthetic chelating agents which form very stable complexes
with heavy metals such as iron, copper, manganese, and zinc,

Martell and Calvin (51) have recently publizhed an
extenslve account of the chemistry of metal chelate com-
pounds. The word "chelate" comes from the Greek word "kelos"
meaning “claw" and refers to the ring configuration that
results when a metal combines with two or more donor groups
of a single molecule. Metals bound 1in chelate rings lose
thelr cationlc characteristics and become a part of a com=
pPlex anion., Naturally occurying organic chelates may be
illustrated by chlorophyll in which magnesium is chelated
in pyrrole rings, and by haemoglobin which has iron 1n the
nucleus of its molecule.

The best known of all the asynthetic amino-poly-
carbolxylic acids that form water-soluble metal chelates
1s ethylene diamlne tetraacetlc acid, hereafter referred
to as EDTA. Thia compound forms five-atom straln-~free
chelate rings, and there are slx atoms=~-two of nitrogen
and four of oxygen--whlich can donate electrons to metals,
The structures of the sodium salt of EDTA and 1ts metal

complexes appear in Fig, 1.

The binding of EDTA with metals is stronger for

some metals than for others. 1In a scale descending from

1l



Flg. 1 Structure of EDTA
and its metal complexes.
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strong to weak chelates, the order is ferric ion, copper,
zinc, ferrous lon, manganese, calcium, and magnesium.
Hydrolysis of these metal chelates generally ocours at
high pH values; for example, at levels of pH higher than
6.0 the OH™ competes with EDTA for Fe***, and at about pH
8.0 the OH™ concentration is sufficiently high to remove
iron effectively from EDTA., likewise, at the other end of
the scale at approximately pH 2.0, the chelate becomes
lonized to the extent that virtually none of the metal will
be complexed., In general, iron and copper are chelated most
effectively in acild solutions, vhereas calcium and magnesium
are chelated more strongly in alkaline solutions (73).

There are a number of other synthetic chelating
agents that are 1n use: dlethylene triamine pentaacetic
acid ("chel 330"), N-hydroxy ethyl ethylene diamine tri-
acetic acid (Versenol"), cyclohexane trans 1, 2-diamino
tetraacetic acid ("chel 600").

The recent pioneer work of Jacobson (38) and
Stewart and Leonard (72) in the use of Fe-ELIA ac a source
of iron for lants has openec up new re:earch posslibllities
1ln the fleld of plant nutrition with relation to metal
chelates, Slnce then a considerable amount of literature
has been published conceining the use of metal chelates in
plant nutrition. Chelated zinc, manganese, and calcium
also have been tried in boti: soil application and foliar
spray. Most of the work done with metal chelates, however,
relates to soll application; and very little is known about

the role of various metal chelates in solution culture.



The results obtained 1ln the 3s0il applications depended
not only on the metal chelates themselves, "but often mors,
on the composition of the soll, the method of application,
the plant species..." (73). The author believes that in
solution culture, faétbrs—such a8 hydrogen-ion concentration,
essentlal macro- and micro-elements and their interactions
can be more conveniently controlled and studled than in soll,
The followlng quotation from Arnon (2) would emphasize this
polint:
The ubiquitous complexity of heterogeneous soil
components often complicates the interpretation
of observed plant responses. The difficulty arises
in attempting to distingulsh between a direct and
an indirect effect of a glven soil treatment on the
plant...It is with artificial nutrient media, water
and sand cultures, that the essentlal status of the
various slements found in plants and derived from the
soll, was established...The artificial culture con-
tlnues to be a powerful and discriminating tool in
evaluating the indispensability of inorganie nutrients
in plant nutrition.

In view of the fact that very little is known about
the use of organic carrlers--metal chelates particularly--
in nutrient culture, the author presents the results of a
gseries of lnvestigatlons which may be of conslderable
fundamental interest. For the sake of clarity of presenta-
tion the entire disseriation will be divided into four parts
which are interrelated: (I) Sources of iron and phosphorus
and their interactions; (II) Ca-acetate as & source of
calcium and 1ts advantages; (III) Experiments on EDTA and
1ts metal complexes; (IV) Experiments on "Versenol" and its

metal complexes,



REVIEW OF LITERATURE

A proper balance of different nutrient elements
has been considered a fundamental requirement in plant
nutrition by various authors (63, 64, 39, 68, 66, 25, 55,
6, 12, 13, 60, 76, T7). This 1s true for plants grown in
solution as well as tuose grown in soll,

Biddulph (6), Rediske and Biddulph (60), and DeKock
(19) emphasized the desirability of an optimum Fe : P ratio
for the growth of plants in nutrient culture. "The relative
anounts of Fe and P absorbed by the plant determine whether
the plant will show chlorotic symptoms or appear hsalthy"
(19)s Recently Brown (11) has made an extensive review of
literature on iron chlorosis. It has been suggested that
iron absorption by plants 18 considerably reduced by excess
phosphorus--particularly at pE of about 6.0 or higher (25),
In a series of papers, Marsh (47, 48, 49, 50) discussed tﬁe
comparative values of various lnorganic and organlc sources
of iron in solution culture. Reed and Haas (61) studied the
effect of various organic compounds on the solubility of
iron in nutrient solutions. Hopkins and Wann (37) success-
fully used 1ron cltrate as a source of iron for Chlorells
growing in solution culture.

There 18 no report in the literature of the use of
organlc forma of phosphorus in solution culture. Various

organlc phosphates, however, have been used as fertilizers



in soll, and many of them have been found to be as available
to plants as inorganic phosphates (69, 70). It should be of
considerable fundamental interest to determine the use of
organic phosphates in nutrient culture in relation to iron
supply.

Hydrogen-ion concentration of the nutrient solution
has an important bearing on the avallability of certain
nutrient elements, Guest and Chapman (27), however, did
not find any appreciable direct effect of pH on citrus
seedlings growing 1n sand and soclution culture unless the
pH-values were as extreme as 2,0 or 11.0. Michael (53)
found that uptake of magnesium and calcium from culturé
solutions by young corn and rye plants was considerably
lower at pH 4.0 than at pH 6.0 or 7.5; whereas the uptake
of potassium and phosphorus was not affected by low pH.
Smith (65) studied the growth of citrus seedlings with
nitrate and ammonium forms of nitrogen 1ln solution cultures;
and he observed a significant reductlon in growth --
irrespective of the form of nitrogen--at pH 4.0 as com-
pared to pH 6.0. He also reported that this reduction in
srowth was assoclated with a reduction of k", ca**, and
Mg"** concentration in the folliage. Steinberg (71) showed
that complete avallabllity of iron, magneslium, and ealcium
to plants in nutrient solution was possible in both neutral
and acid media 1f the content of the culture Jjar was stirred
vigorously semi-weekly, insuring adequate contact between

root and precipitate., Wadleigh et al (76) suggested that
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an equilibrium exists between iron-stabllity, pH of tissue
fluid, and phoasphate-ion ccncentration of plant sap.
Wadleigh and Shive (77) showed that the effect of the kind
of nitrogen=-ammonium or nitrate--on the uptake of cations
by corn plants was of much greater lmportance than the pH
of the culture solution.

Nightingale (56) has shown that as a result of
differential absorption and respiration, rapid changes in
PH occur in the solution immediately surrounding the roots.
Thls warrants the use of sultable buffers in nutrient
solution to keep the pH of the solutlon consistent through-
out an experiment., Calcium acetate may be one of these
buffers, and it may play the dual roles of a buffer and a
source of calcium. There 1s no reference in ithe literature
to such use of calclum acetate in the solution culture.

EDTA has been used extensively and effectively
in such industries as textlile, soap, detergent, rubber,
cosmetic, germicide, and pulp=-paper. Ca-EDTA often is
used iln treating heavy metal polsoning. The potential-
1tles of metal chelates in plant nutrition have not been
realized until recently. Stewart and leonard (73), Haertl
and Martell (28), and Wallace (78) have made excellent
reviews on this subjlect. In search of a more satisfactory
means of keeping iron from precipltating in nutrient solu-
tions, Jacobson (38) grew plants in various molar ratios of
iron and the potassium salt of EDTA. Tomato, sunflower,
corn, and barley grew well with 5 to 25 ppm Fe supplied as

the chelate. Injury occurred to both corn and tomato when
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the nutrient solution contained 50 or 100 ppm chelated iron.
Stewart and Leonard (73) found 5 ppm Fe-EDTA te be very
suitable for oltrus érouing in sand culture. Heok and
Balley (31) used oxine, carbamate, and salicylic acid as
chelating agents. They concluded that it was not feaaldble
to chelate heavy metals in nutrient sclutions because there
was a point below which the concentration was not effective
and a polnt above which the concentration was injurious to
the plants. Warls (85) suggested the significance of che-
lating agents for growing algae in nutrient solution.
Rasmussen (59) reported that Fe-EDTA was an effective
source of iron in solution culture as long as the pH was
kept below 7.0. Iron chlorosis which developed because

of high alkalinity of nutrient solution could be corrected
by addition of acid or "Versenol" iron chelate. He also
concluded that "microelemental chelates may be added to
nutrient solutions in somewhat higher concemtration than
the corresponding salts without the mlcroelements becoming
toxic to the plants".

It 18 interesting to note that "the use of chelates
other than those of iron has not been studlied widely in
nutrient cultures" (73). Since much difficulty arises in
supplying an inorganic form of iron to plants growing in
nutrient cultures, research workers have emphaslzed iron
and not bothered to study the avallabilility of other metal
complexes. In socll application, however, the use of iron
a8 well as certaln other metal chelates has been extensively

studied,



Atkinson and Wright (3) reported that chelate
applications to the 80ll could change the socil composition
considersdly. They have shown that leaching of calcareous
s0il with a chelating agent (EDTA) can result in the
mobilization, transport, and redeposition of iron and
aluninum and the development of a profile with well-
defined horizons. Holmes and Brown (35) reported that the
same chelate behaved differently depending on the kind of
soll. In Florida nearly half the citrus groves have been
found deficient in iron. In theee acld solla Fe-EDTA has
been very effective in alleviating the deficlency (43, 75).
The problem has been much more difficult in calcareous solls,
The iron chelate of hydroxy-EDTA (Fe-EDTA-OH) was found to
be considerably more effective than Fe~EDTA in correcting
lime-induced chlorosis (44, 16). Wallace and North (80)
reported correction of lime-induced chlorosis in avooad6
by Fe-EDTA. Wallace et al (81) made comparative studies
of a number of different chelating agents in relaticn to
thelr supplying micronutrients to woody plants in alkaline
and cﬁlcareous solls. In another publication (82) they
expressed the opinion that the iron-salt of diethyl triamine
ventacetic acld--hereafter referred to as DTPA--was more
effective than Fe-EDTA 1n correcting chlorosis. Kroll (41)
suggeated that ferric chelate of "chel 138", an aromatic
rhenolic analogue of EDTA was a very orfactive iron chelate
in correcting lime-induced chlorosis. Malcolm (46) reported
that the most successful chelating agent for the correction
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of iron chlorosis in alkallne s80il was "Verseiol"-~N-hydroxy
ethyl ethylene diamine triacetic acid. A number of other
workers have attempted to determine the behavior of differ-
ent iron chelates in various types of soil (42, 79, 35).
Bould (8, 9, 10), in a series of publications, has indicated
the effective use of iron chelates in controlling lime-
induced chlorosis, both in foliar spray and in soll appli-
cation.

One of the other metal chelates studled extensively
is zinc chelate (1, 5, 15, 75). Soil application of Zn-EDTA
and "Versenol" zinc chelate corrected the zinc deficiency
in peach and sweet cherry, but the spray of zinc chelate
was 1n no case a satisfactory corrective for zinc deficlency
(5)e¢ In contrast with this observation, Stewart and Leonard
(75) found that the only dependable method of controlling
zinec defliclency in clitrus was by follar spray of zinc chelate.
Butler and Bray (15) observed that the type of soil deter-
mined whether or not extra addition of Zn-EDTA would be
effective. Alben (1) reported some preliminary results of
treating rosetted pecan trees with chelated zinc,

A number of workers (90, 91, 92) have made inter~
esting observations on the use of metal chelates in cor-
recting chlorosis in ornamentals,

Behavior of iron chelates in plants often depends
on the other constituents in the growth medium. Reuther and
Smith (62) suggested that excessive accumulation of copper

in the s80ll is the major reason for iron chlorosis and that
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low pH of the 801l greatly aggravates the tcxicity of copper
by increasing its availability. Other experimsental results
(34) show that the presence of phosphate ions in the clay
and concentration of calcium ioms in solution will affeoct
the behavior of iron chelates. It is believed (54) that when
& plant is deficlent in iron, calcium is usually abnormally
low in leaves, while K*, cu**, Zn**, and Mn** may--one or
all=-be abnormally high, Under these conditions iron
chelate can bring the nutrlient level to a normal balance.
Stewart and Leonard (72) assoclated iron deficlency not
only with excess of Cu'*, Mn**, Co** and Ni’* ions but also
with a lack of potassium. Westgate (89) reported that che-
lated 1iron, eilther as a follar spray or as & 80ll amendment,
corrected iron chlorosis in various vegetables and orna-
mentals, even in presence of high copper concentration.
Until recently, it was debatablé vwhether metal
chelates as such could be absorbed by plants. Extensive
studies by Stewart and Leonard (74) with chelates separately
tagged with Fe55, Fe59, znb5, and Cl4 have shown that the
metals 1in chelated form are much more avallable to plants
than their inorganic salts. Wallace and North (80) have
found that N15 1s taken up by plants receiving N15EDTA,
This could mean that the entire chelate i1s being absorbed
or that the plant 1s taking up the degradation product of
the ligand. More recent work by Weinstein (87) and DeKock
(20) suggests that the entire chelate is absorbed by plants.
Perkins and Purvis (58) showed that plants can not only
absorb EDTA, but aléo ﬁtilize the nitrogen of its molecule,
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although this nitrogen was less effective than that of
NaNO3. The theory of "outer space in plants", of which
Kramer's paper presents an excellent review (40), can
explain satisfactorily how large molecules of EDTA can be
absorbed by roots and leaves. Kramer suggests that unlike
"accumulation", "absorption" does not mean an entrance
against a concenﬁratlon gradlent; and thefefore no energy
exchange 1s involved in absorption. According to this
conception, EDTA enters the "outer space" in the plant by
a mere dlffusion mechanism.

There are several theories about how iron 1s released
from its complex within the plant after iron chelate has been
absorbed. Hill-Cottingham (33) and Wallace et al (83) sug-
gested two steps concerning this unsolved problem: a) sun-
light decomposition of chelate; b) reduction of ferric iron
to ferrous iron within the chelaté and 1its subsequent re-
Placement by other metals.

A number of investigatlions have 1ndicated that EDTA
and 1ts metal salts, in high concentrations, are toxic to
plantas. The physiology of this toxlc effect 1s not fully
understood, Certaln conclusions, however, have been drawn
from results of enzyme studies. Gross (26) noted a stimu~
lation of adenosine triphosphatase by the use of low con-
centration (.002M) of EDTA. He suggested that stimulation
of enzyme action by EDTA in non-inhlbitory concentrations
results from the protection of the enzyme from traces of

heavy metals which are toxlc to the enzyme system. These
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results indicate that there 1s & competition between EDTA
and the enzymes in the plants for metals essential for
enzyme activity. Welnstein et al (86) suggested that with
increasing concentrations of NazEDTA,'the activities of
cytochrome oxidase and ascorbic acid oxidase in soybean
decreased, whereas that of polyphenol oxidase increased.
Bonner (7) revorted that EDTA and other chelating agents
could reactivate the succinlic dehydrorenase-cytochrome-
oxldase system following the inactivatlion of this system
by varlous means.

Heath and Clark (29, 30) have shown that EDTA
at very low concentrations acts as a growth aubstaﬁce and
that 3-indoleacetic acid acts in the same "remarkable and
symetrical” way as EDTA does in the plants, Bennet-Clark
(4) indicated that EDTA concentration between 10~5M and
10"5M could act as a growth promoter in the straight growth
test, Honda (36) reported interesting effects of ascorbie
acid and metal-complexin- agents on the respiration of
barley roots.

From the preceding review it becomes evident that
chelates have many unigue and far-reaching possibilities
as carriers of mineral nutrients for plants. Further evidence
for this assertion will be found from the results to be

presented here,



MATERIALS AND METHODS

Germination of seedlings and iransplantatiop.

Hybrid field corn (Zea mays L., Kingscrost, Ke) was chosen
as the experimental plant., Seeds were germinated in wooden
flats contalning sand. The seedlings were transplanted to
glazed crocks of 3.8 liters capacity (1 gallon) 6 days after
planting, when the shoots were gbout 7 cm. tall. The most
uniform plants were selected from a large number of seed-
lings. Roots were thoroughly washed in distilled water
before transplantatlion,

The inside of each culture jar was pailnted with a
waterproof varnish before use. FKEach Jar was provided with
a wooden cover which had in it two holes about 1 inch in
dlameter, BSeedlings were placed in these holes and supported
by cotton plugs (Fig. 2 and Plate 1). Speclal care was
taken to leave a space of 1-2 inches between the lower c=ide
of the wocden cover and the surface of the solution. This
was done 1n order to facllitate the growth of root hairs and
proper aeration of roota (17).

Composition of the solution. The basic composition
of the solutions used appears in Table I. Stock solutions
of half-molar strength were prepared with distilled water.
Proportional amounts of each stock solution were freshly
combined at the start of the cultures and at each renewal
of the solutlons., Stock solutions of metal chelates were

stored 1n the dark since they are known to deteriorate in

14



THE PRIMARY

Table I

COMPOSITION OF THE SOLUTION PER ILITER

Concentration Concentration
Macro-salt millimoles Micro-salt micromoles
Ca(NO3)»o 0.40 HoBOs 8.3
(NH4 ) 2504 0.27 MnClo 4,0
NH4NO3 0.14 ZnB0y 0.3
MgS04 0.33 CusS04 0.1
KHoPOy 0.26 FeClz* 62.0

*The solution of FeClz was freshly prepared immedlately before

use, since any stock solution of this compound would deterio-

rate in contact with air.
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Plate 1

Set-up of nutrlent culture in the greenhouse
and the process of aeration of the solutions.

17
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contact with light.

It will be seen later in this presentation that the
oompoaition of the solution is closely related to the purpose
of each experiment. Certain modifications of the composition
listed in Table I were found necessary. Any deviation from
this general composition (Table I), however, will be mentioned

and discussed in connectlon wlth the experiment concerned.

Recording of data and harvesting. Solutions were
changed once every week and aserated once in the middle of the
week. ©Since some varlation in plants might result due to
their different locations 1n relation to the sunlight and
the heating unit of the greenhouse, culture Jjars were
rearranged at intervals to minimlize any such varlation.

There were five culture Jars for each treatment, with two
plants in each jar (unless otherwise stated), The general
growth habit of the plants, including any sﬁmptoms of mineral
deficlency, was noted from time to time. Hydrogen-ion-
concentration of different solutions was determlned colorl-
metrically with Eastman Universal Indicator and recorded on
alternate days during the experiment. The greenhouse tem-
perature was maintalned at approximately 25°C. during the

day and 20°C, at night.

Plants were harvested after 21 days from the date
of transplantation. Each plant was divided 1lnto top and
roots and was dried in a drying chamber (about 60°C.) for
2-3 days. Dry welishts of tops and roots were taken as &
measure of the effects of the different treatments, Statis-

tical analysis was done on the baslis of mean dry weight of
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each palr of plants per Jar. The ratio of top to root was
determined 1n some experiments in order to indicate the
nitrogen-supply (58); this 1s because higher nitrogen levels
promote top growth more than root growth. Standard errors
and statistical significance of data were calculated when-
ever 1t seemed necessary; it was done according to the method

of T-test described by Paterson (57).



RESULTS AND DISCUSSION

Part I BSourees of Iron and Phosphorus

and their Interactions

Until the discovery of Fe-EDTA as a source of iromn
for plants growing in solution culture (49), the iron-supply
was consldered the most difficult problém in solution
cultures. High concentration of phosphorus in the solution
and a high pH of the golution are known to accentuate the
difficulty of iron-supply. The following two experiments
were deslgned to determine whether certain forms of organic
phosphatall oould aubsetitute for potassium dihydrogen phos~
phate 1n solution cultures and whether they would interact
with inorganlic sources of iron in the same way as do the
inorganic phosphates.

Experiment 1. In this experiment there were five
treatments, each represented by 10 culture Jars. The source
of iron for each of the treatments was Fe=EDTA? (10 micro-
moles per liter). Treatment A, which had potassium dihy-
drogen phosphate as the source of phosphorus, was considered
the control. Plants in treatment B received sodium tetra-
phosphate (0.26 millimoles per liter). Plante in treatment

C, D, and E, on the other hand, received as the sources of

1A11 the three organic phosphates used 1n this
experiment were obtalined from Monsanto Chemical Company.

20btained from Geigy Chemical Corporation.

20
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phosphorus, ethyl ammonium phosphate, ethyl acid phosphate,
and n-propyl aclid phosphate respectively. The concentrations
of each of these organic phosphates were 0,48 millimoles per
liter of culture solution. The source of potassium 1n
treatments B, C, D, and E was potassium chloride (0.21 milli-
moles per liter), Other constituents of the solutions in

all the treatments were the same as listed in Table I,

Plants were harvested after 21 days from the date of trans-
plantatlion. Average dry welgshts of tops and roots in all

the treatments were compared with those in treatment A
(control). The range of pH of the culture solutions in all
the treatments was between 4.0 and 5.0. The results are
shown in Table 2 and Fig. 3.

Properties of the organlc phosphates employed.

Ethyl ammonium phosphate 18 a water-white to yellow-tinged
liquid of ammoniacal odor (specific gravity 1.23 at 25°C,).
Chemically it 18 a mixture of 35% moncethyl diammonium -
phosphate, 50% dliethyl ammonium phosphate, and 15% mono-
ethyl ammonium hydrogen phosphate. Thirty-eight percent
of this compound i1s phosphorus calculated as P205.

Ethyl aclid phoasphate is a colorless liquid of falrly
high viscosity (specific gravity 1.30 at 259C.,). Fifty-one
percent of thie compound 1s phosphorus calculated as P05,

Nepropyl acid phosphate is a yellowish liquid with
a specific gravity of 1.20 at 25°9C. Forty-five percent of
this compound ls phosphorus calculated as P205.



Table II

THE EFFECT OF ORGANIC PHOSFHATES

ON THE GROWTH OF CORN IN SOLUTION CULTURE
AS COMPARED TO THAT OF INORGANIC PHOSPHATES

22

Concentration
of P, milli- Dry welght Standard
moles per liter grams per plant srror
Treatments Top Root Top_ Root,
A.
Potassium 0,06 1.63 0.63 0.086 0,047
dihydrogen
phosphate
(control)
B.
Sodium 0.07 1.00%% 0,53 0.072 0.038
tetraphosphate
Ce. _
Ethyl 0.06 1.62 0.60 0.085 0,033
ammonium
phosphate
D.
Ethyl acid 0.14 O.49%% (O 414 0.060 0,022
phosphate
E,
N-propyl acid 0.13 0.75%#% (,48% 0.047 0,013

phesphate

#S1gnificantly less than the corresponding values of both
treatments A and C at the 0,05 level.

*#%51gnificantly less than the corresponding values of both
treatments A and C at the 0,01 level,
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It 18 evident from the results shown in Table II
and Fig. 3 that plants receiving ethyl ammonium phosphate
(treatment C) grew as well as those of the control (treat~-
nent A). There were no visible symptoms of mineral deficlency
in either of the two treatments. The average dry welghts of
shoots in treatments B, D, and E, however, were significantly
lees than those of treatments A and C. The growth of roots
in treatments D and E also was distinctly inhibited as com=—
pared to that of treatments A and C,

Plants in treatment B showed a considerable amount
of intervenal chlorosis at the time of harvest, although
they grew equally good root systems as plants in treatments
A and C., This is in partial agreement with Drumheller (21)
who suggested that Na-tetraphosphate compared favorably wiﬁh
KH,POy4 a8 a source of phosphorus in nutrient aolution and
that it promoted better root growth . Plants in treatments
D and E were stunted; and the leaf blades were yellow in
color, while the bases of the blades and the sheaths were
purple. These visual symptome are kncwn to be due to phos-
phorus deficiency (84). Such symptons occurred in treatments
D and E 1in splte of the fact that the plants here received
about twice as much phosphorus as the plants in the other
treatments (Table II). This indicates that wae phosphorus
from ethyl acid phosphate and n-propyl acld phoasphate 1is
not totally avallable to plants growing in solution cultures,

The effective use of ethyl ammonium phosphate in

solution culture--as 1s evident from the normal growth of
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rlants in treatment C--raises two relevant questions:

a) How doces the phosphorus of this compound become avallable
to plants?, and b) Can this compound be used in a solution
culture of higher‘pH in which the source of iron 1ls inorganic?
The answer to the first question 1is beyond the scope of the |
present lnvestigation. The following experiment was desligned,
however, to galn information pertalning to the second question
which has an important bearing on the problems to be discussed
later in this presentation.

Experiment 2. There were five treatments in this
experiment. Each treatment consisted of five culture jars,
Plants in treatment A--the control--received precisely the
same solutlon as the control in the previous experiment.

In treatment B ethyl ammonlium phosphate and ferric chloride
(Table I) were used as sources of phosphate and iron respec-
tively. In treatment C the sources of both iron and phos-
phorus were inorganic in form (Table I). Iron of any form
was omltted from treatment D. Treatment E, on the other hand,
was totally free from any trace of phosphorus. The source

of potassium in treatments B and E was potassium chloride
(0.21 millimoles per liter). The other constituents of the
solutions in all the treatments were the same as listed in
Table I.

Plants were harvested after 21 days from the date
of transplantation. The pH of the solutions in all the
treatments was maintained between 6.0 and 7.0 by adding

minute amounts of HCl or NaOH to the solutions. Results
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are shown in Table III, Fig. 4, and Plates 2a, 2b, and 3.

The results indicate that there is a distinct
relation betweem the sources of iron and phosphorus in
the solution and the growth of planta. There was very
slight difference in growth--astatistically insignificant—-
between the plantas in treatment A and those in treatment B.
They were equally vigorous in appearance and developed no
visual symptoms ©f iron or phosphorus deficiency (with
treatments D and E as criteria of such deficiency). Plants
in treatment C, on the other hand, were very stunted and
chlorotic (Plates 2b and 3) in appearance, which is indica-
tive of iron deficlency. They were, however, free from any
symptoms of phoephorus deficlency-~purple color of the leaf
base and midrib,

The iron chlorosis in the plants of treatment C

rodr

may be attributed to the fact that Fe of FeClxz 18 pro-
gressively precipltated out by KH,PO4 at & high pH and
becomes unavailable to the plante. Thlis 18 in substantial
agreement with previous workers (25, 38, 18). Varlous
organic forms of lron, such as ferric tartrate, ferric
citrate, and Fe-EDTA, have been employed in order to over-
come this problem (61, 72, 37, 32, 23). The result of the
present experiment (treatment B) provides substantial evi-
dence to swpport the conclusion that the problem of iron-
supply in nutrient culture can be overcome by using ethyl

ammonium phosphate. Thls organic phosphate does not seem

to interact with FeClz in the same way as does KHoPO4.



Table III

COMPARATIVE EFFECTS OF

ORGANIC AND INCRGANIC SOURCES OF PHOSBPHORUS AND IRON
UPON THE GROWTH OF CORN IN SOLUTION CULTURE

Dry weight
grams per plant Standard eryror
Treatments Top Root Top Root
A,
KH,POy4
B,
FOC13 and 1.31 0040 0077 0015
Ethyl ammonium
phosphate
Ce
FeClxz and O, 63%% 0.30%% «055 008
KH2304
D.
KH2PO4 and 0039“* 0023** 0037 0017
no iron
E,
F3013 and 0036‘* 0030“ 0031 . 005

no phosphorus

27

*%5ignificantly less (at 0,01 level) than the corresponding
values of both treatments A and B,
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Plate 2a

Interaction of different sources
of phosphorus and iron
in solution culture.

EAP stands for Ethyl Ammonlium Phosphate.
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Plate 3

Iron-Phosphorus interaction
in solution culture.
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There appears 1o be no published account of suc-
cesaful use of any organic phosphate in solution culture,
Spencer and Willhite (70) found a number of organic phos-
phates equally as avallable to plants as inorganic phos-
phates when applied to soll. Edgerton (23) used sodium
metaphosphate in combination with iron tartrate for apple
plants growing in solution culture. Dunn and Robertas (22)
successfully used magnesium propyl-phosphate as a source
of magnesium for apple plants in solution culture., Since
they used potassium dihydrogen phosphate as the major source
of phosphorus, it will need further investigation to deter-
mine whether the phosphorus from magnesium propyl-phosphate
was utlilized by the plants. It seems probable that the
magnesium compound furnished a relatively small part of the
total phosphorus used by the plants in this instance.
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Part 1I Ca~acetate as a Source of Calclum
and its Advantages

Hydregea~ion concentration of a nutrient solution
has an important bearing on the avallability of nutrient
elements in general and metal chelates in particular.

The solutions used in the previcus experiments were not
buffered, and frequent adjustments of the pH were necessary--
particularly toward the end of the growth period. The
following experiment was designed in order to determine
whother calcium acetate-~an effective buffer--could sub-
stitute for calcium nitrate (Table I) as a source of

calcium in the culture solutions,

Experipent 3. There were two treatments, each
consisting of five oculture Jjars. Plants in treatment A
received calcium acetate (0,26 millimoles per liter) instead
of calcium nitrate. They also received sodlum nitrate
(0.40 millimoles per liter) which compensated for the loss
of nitrate nitrogen caused by the withdrawal of calcium
nitrate., The sources of potassium and phosphorus ln both
treatments were potassium chloride (0.21 millimoles per liter)
and ethyl ammonium phosphate (0.48 millimoles per liter)
respectively. Other constituents of the solution in both
treatments were the same as 1listed in Table I,

The hydrogen-ion concentrations of the solutions
were recorded every day during the experiment, No attempt
was made to adjust the pH of the solutions artifioclally.
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Results are shown in Table IV and Fig. 5. Figure 5 indi-
cates that there was considerably less fluetuation in the
PH of the solution in treatment A (Ca-acetate series) as
compared to that of treatment B (Ca-nitrate series). The
pH of both solutions at the start of the experiment, and
also at each renewal of the solutions, was 6.0, In treat-
ment A this was the lowest pH-value recorded during the
whole growth period, and the range of pH in this treatment
remained between 6.0 and 7.0. In treatment B, however, the
solution was more acidic, and the range of pH remained be~
tween 4.0 and 5.0 during the experiment. From this result
it becomes obvious that the pH of a culture solution can
be kept consistently high by using Ca-acetate insastead of
Ca-nitrate.

Plants in both treatments were healthy in appearance
and without any symptoms of mineral deficlencies., The data
on dry weight yields (Table IV) indicate that plants in the
Ca-acetate serlies not only grew as well as those in the
Ca-nitrate serles, but also grew more luxuriant root systems
than the latter. A comparison between the ratios of top to
root in both treatments will make this more evident. This
shows that Ca-acetate can be used as a source of calcium in
a solution culture.

Dunn and Roberts (22) successfully used magnesium
acetate as a source of magnesium for com in solution culture.
This compound showed a buffering effect similar to that of
calcium acetate. Michael (53) found that uptake of calcium
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Table IV

EFFECT OF CALCIUM ACETATE ON THE GROWTH
OF CORN IN SOLUTION CULTURE

Dry weight Dry weight
grams per glant Standard error Top [ Root
Treatments Top ot Top Root
A,
Calclium 1.49 0.,69%* 054 <033 2.16
acetate
B.
Calcium 1.51 0039 0093 .035 3087
nitrate

*#3ignificantly higher (at 0.01 level) than the corresponding
value of the other treatment,
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from culture solutions by young corn and rye plants was
considerably lower at pH 4.0 than at pH 6.0 or 7.5. Smith
(65) studied the growth of citrus seedlings with nitrate and
smmonium forms of nitrogen in solution cultures and observed
a significant reduction in growth--irrespective of the form
of nitrogen=-at pH 4,0 as compared to pH 6.0. Since the
concentrations of nitrate nitrogen (.091 millimoles per
liter) and ammonlum nitrogen (.092 millimoles per liter)

in the solutlions of both treatments in this experiment were
exactly the same, the effective use of Ca-acetate as a source
of calcium may be attributed to the higher pH (6.0-7.0)

of the solution in treatment A.

It is known that metal chelates with relatively
lower stabllity constants, such as calcium and magnesium
chelates, tend to dlssociate in a solution of lower pH.

In view of the fact that such metal chelates will be employed
in the forthcoming experiments, the author found it justified
to modify the composition of the solution listed in Table I
in the light of the results of the foregoing experiments.,

The modified composition of the solution to be used hereafter
appears in Table V,
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Table V

MODIFIED COMPOSITION OF THE SOLUTION PER LITER

Concentration Concentration

Macro=-salt millimoles Micro=salt micromoles
Ca=-acetate 0.26 H2BO3 Be3
NaNO3 0.40 MnCl; 4,0

(NH4 ) 2504 0.27 Zns50y 0.3
NH4NO3 0.14 Cus04 0.1
MgB804 0.33 FeCls% 62.0

KCl 0.21

Ethyl ammonium 0.48

phosphate

*#The solution of FeCI3 was freshly prepared immediately
before use, since any stock solution of this compound

would deteriorate in contact with air.
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Part III Experiments on EDTA
and its Metal Complexes

Experiment 4. This experiment was concerned with
the effects of the disodium salt of EDTAL on the growth of
corn 1n solution culture (45). The compoaition of the
solutions in all the treatments was identical with that
listed in Table V except for the varying amounts of NapEDTA.
There were flve culture Jars per treatment. The total
growth period was the same as in the previocus experiments.
The range of pH of the solutions in all treatments was
between 6.0 and 7.0. The results are shown in Table VI,
Figs. 6 and 7, and Plates? 4a, 4b, and 5,

It appears from the results that there is a definite
correlation between the amounts of NasEDTA in solution and
rlant growth, which was progressively better with decreasing
concentrations. Amounts of 80 micromoles or higher were
sooner or later lethal to the plants. At 200 micromolesa
concentration, the plants dled immedliately after transplan-
tation. There was no increase in dry welight at this concen-
tration. For thlis reason the welghts of these plants were
taken as a base and were subtracted from the mean dry weights
in all other treatments to show the mean dry weight increase

(columns 5 and 6, Table VI). Plants receiving 160 micromoles

lobtained from Gelgy Chemical Corporation.

2Concentrations in ppm, as appear in the plates,
may be converted into mioromoles per liter by multiplying
them with 0.8,



Table VI

FFFECT OF DIFFERENT CONCENTRATIGNS OF EDTA
ON THE GROWTHE OF COFN IN SCLUTION CULTVERE

NapFDITA Mean dry weight Yean dry weight
micromolegs Mean dry wt, Standard increment after increment as ¥
ver liter grams ner plant error transplantation of ccntrol
Top oot lor  root Top oot Top oot
040 1.53 0461  C4109 CoOLS  1,L0  GoLy 100 100
.5 1,50 1,028% 0,096 0,062 1,77 0469 126,7 182,L
Se0 1,75 0a51s 04088 0,09L 1462 0,79 115,7 16045
10,0 1,67  0,91% 0,109 0,0L5 1,54 0,78 110,2  160,3
2040 0467  0OoL3 0.5l  Oe32 38,9 63,0
L0,0 o.,L0 0,28 0e27 0415 19,5 313
8040 0429 0e23 Gel6 0,11 11,7 21,7
120,0 0.8 0,16 0.05 040k 348 7ol
1600 40 0.l 0ol 0eU1  Gold CoF leb
200,0 0,13 0,12 Cel 00 Qe U0

xDifference ecmpared w'th control significant at 0.05 level,

#+Difference compared w th control significant at 0,01 level,
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Plate 4a

Effect of varylng concentrations of EDTA
on the growth of com
in solution culture,

Left to right: concentrations of EDTA are
0.0, 40.0, 20,0, 10.0, 5.0, 2.5 micromoles per liter.
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Plate 4b

Effect of varylng concentrations of EDTA
on the growth of corn
in solution culture.

left to right: concentrations of EDTA are
0.0, 40,0, 20,0, 10.0, 5.0, 2.5 micromoles per liter.



Plate 5§

EDTA
625 pim

Effect of varylng concentrations of EDTA
on the root growth of corn
in solution culture.

left to right: concentrations of EDTA are
0.0, 40,0, 20.0, 10.0, 5.0, 2.5 micromoles per liter.
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of EDTA survived for about & week, whereas those recelving
concentrations of 120 micromoles and 80 micromoles dled in
about 8 and 12 days respectively from the date of trans-
plantation. At 40 and 20 micromole levels plants were very
shlorotic and stunted (Plates 4a and 4b). Concentrations of
10 micromoles, 5 micromoles, and 2.5 micromoles not only
were non-toxlc, but appeared to be growth-promoting as
compared to the control which contained no EDTA. It seems
from this that the upper non-toxic level ¢of EDTA concentra-
tion approximated 10 micromoles per liter. It may also be
noted that plants receiving non-toxic concentrations of
EDTA grew more luxuriant root systems than those wilthout
this compound (Table VI and Plate 5).

The chelating agent (NaoEDTA), when mixed with a
solutlon of various inorganic salts, forma complexes with
metals 1n an order depending on the stability of the corre-~
sponding complexes. It forms more stable compounds with
iron and copper than with any other metals, and chelated
iron has been successfully used as a source of iron for
plants (38, 72, 85, 88). In connection with the present
experiment 1t may be noted, however, that at all levels of
Na2EDTA below 20 micromoles, the molar ratio of EDTA to Fe
was less than 1:l. This means that at these levels all the
Fe''* ions were not chelated. Therefore, Fe from FeCls,
rather than from Fe-EDTA, wasa probably the primary source
of 1ron for the plants. Furthermore, the supply of iron
was adequately insured even without the addition of EDTA
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to the solution since ethyl ammonium phosphate did not form
pregipitates of iron phosphate with ferric chloride (results
of experiments 1 and 2). Therefore, the beneficial effect
of low concentrations of EDTA on plants growing in solution
culture under the conditions of thlis experiment must be
attributed to a growth-promoting property of this compound.

Heath and Clark (29, 30) have suggested that EDTA
at very low concentrations acts as a growth substance, and
that 3=-indole acetic acid affects growth in the same way
a8 a chelating agent. Recently this has been contradicted
by Burstrom and Tullin (14). Ford et al (24) reported that
soil applications of iron chelates increased the growth of
feeder roots in citrus plants. Weinstein et al (86) found
that 10 ppm of EDTA was optimum for soybeans grown in solu-
tion cultureas. Results by Jacobson (38) on corn were in
substantial agreement with this.

Gross (26) reported an increase in activity of
adenosline triphosphatase at lower concentrations of EDTA,
but a significant inhibition in 1ts activity at higher
concentrations, He suggested that the stimulation of enzyme
action by EDTA in non-toxlc concentrations results from the
"protection of the enzyme" from traces of heavy metals such
as copper and manganese which are inhibltory to certailn
enzyme systeme. Whether this would be a factor in the
beneficial effect of low concentrations of EDTA on plantsa
grown in sclution culture 1s a question needing further

investigation. The followlng two experiments were designed



to galn information on copper and manganese toxlcity as
modified by EDTA of a non-toxic concentration.

Experiment 5. There were two sets of six treat-
ments, each treatment consisting of five culture Jars. The
treatments of one set received six different concentrations
of CuSO4. The other set was 1dentical with the first one
except for the 5 micromoles of EDTA in each of 1ts treat-
ments. Other constituents 1ln all the treatments were the
same as llisted in Table V. The growth perliod was the same
as in the previous experiments. The hydrogen-ion concen-
tration in all treatments remained between 6.5 and 7.0
throughout. Results are shown in Tablel VII, Figs. 8, 9,
10, and 11, and Platesl 6a, 6b, 7, 8, and 9.

It 18 very evident from the results that EDTA can
modify copper toxicity in corm to a oonsiderable extent.
Plants receiving 0.1 and 0.2 micromoles of CuSOy did not
show any visible abnormality in growih regardless of the
presence or absence of EDTA in the solution (Plate 6a).
With increasing concentirations of copper, the growth of
plants receilving no EDTA progressively deteriorated (Plate
6b) and was accompanied by severe chlorosis and browning of
roots which are known to be symptoms of Cu-toxicity (89).
Plants receiving EDTA, however, showed no indication of

copper toxicity although there was a trend of depression

lThe designations x1 Cu, x2 Cu, x4 Cu, x8 Cu, and
x10 Cu, as appear in the table and plates indicate respec-
tively, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 micromoles of
CusSO4 per liter,
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in growth--less drastic in nature-~at higher concentrations
of copper in the solutions (Table VII). Furthermore, the
dry welght yields of most of the treatments receiving EDTA
were significantly higher than those of the corresponding
counterparts without EDTA. Plates 7, 8, and 9 will show
that even at high concentrations of copper, EDTA promotes
the growth of root systems considerably (45).

A number of workers have suggested that high concen-
trations of copper or manganese in the growth medium may cause
iron-chlorosis in plants growing in that medlium. Stelnberg
(71) reported that in culture solutions a relative freedom
from toxic quantities of trace-element impurities was
"conduclive to good iron nutrition® Brown and Holmes (12)
used catalase activity as an index of active iron in the
plant and noted that this activity was comparatively higher
in copper-deficient plants than in those with sufficlent
copper. Reuther and Smith (62) suggested that excessive
accumulation of copper in the soll 1s the major factor for
iron-chlorosis in Florida cltrus groves. DeKock (19) reported
that in the presence of ferric versenate in the nutrient
solution, heavy metal toxicity is greatly reduced. Westgate
(89) reported that soll acidity aggravates the iron-chloroais
induced by high copper concentration. He also noted that
chelated iron, elther as a folliar spray or as a soll amend-
ment may correct lron-chlorosis even in the presence of a
high concentration of copper. Smith and Specht (67) observed

that excess quantities of Cu, Zn, or Mn in the nutrient



MODIFYING EFFECT OF EDTAl ON THE COFPER TOXICITY

Table VII

IN CORN GROWN IN SOLUTION CULTURE

Mean dry welght

8_per Standard error

Treatments _Top. Root Top Root
x1l Cu 2,09 1.16 133 .081
x2 Cu 2.11 0.98 .088 073
x4 Cu 1.35 0.80 «157 057
x6 Cu 0.66 0.42 «093 052
x8 Cu 0.48 0.38 «025 0031
x10 Cu 0.43 0.36 «039 .018
x1 Cu and EDTA 2.40 1.24 «229 «090
x2 Cu and EDTA 2.73 1.35% 232 073
x4 Cu and EDTA 2,97 1. 4400 «118 «075
x6 Cu and EDTA 2, 26%% 1,00%* o143 .087
x8 Cu and EDTA 2. 240% 1.,08%% «151 064
x10 Cu and EDTA 1.64%% 0,.84%% «140 «059

lPhe concentration of EDTA was 5 micromoles per liter or

6.25 ppm throughout.

* Significantly higher (at 0.05 level) than the value in
the corresponding treatment receiving no EDTA.

*#31gnificantly higher (at 0.0l level) than the value in
the corresponding treatment receiving no EDTA.
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Plate 6a

Modifying effect of EDTA
upon the copper toxlicity in corn
grown 1n solution culture.
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Plate 6b

Modifying effect of EDIA
upon the copper toxicity in corn
grown in solutlon culture.
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Plate T

4CU+EDTA ConbFol
@25 ppm) 4-cy-

Effect of 0.4 micromoles of CuSOy
on the root growth of corn
as modified by EDTA.
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Plate 8

Effect of 0.8 micromoles of CuSQy
on the root growth of com
as modifled by EDTA,
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Plate 9

oCU+ELTA
(6.25 PPm)

Effect of 1.0 micromoles of CuSOy
on the root growth of corm
as modifled by EDTA.
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solution caused stunting and chlorosis of citrus seedlings,
They also found that the additlion of chelated lron prevented
chlorosis but 41id not improve the root systems. The results
of the present experiment are in partial contradlection to
the observation of Smith and Specht (67) since here EDTA
proved effective in improving the root systems even at high
copper concentrations (Plates 7, 8, and 9).

The biochemical basls for the modifylng effect of
EDTA on copper toxlclty in solution culture is open to spec-
ulation. Rasmussen (59) concluded that "microelemental
chelates may be added to nutrient solutions in somewhat
higher concentrations than the corresponding salt without
the microelements becoming toxic to the plants®", Metal ions
vary in the stabllity of the complexes they form with EDTA;
and in a scale descending from strong to weak chelates, the
order 1s ferric ion, copper, zinec, ferrous ion, manganese,
calcium, and magnesium. Therefore, under the conditicns of
the present experiment, it 1s logical to ascsume that the
metal ions which were chelated by EDTA were ferric ions and
not cupric ions. Furthermore, there was not enough EDTA
in the solution to chelate all the ferric ions as well as
the cupric ions since the molar ratio of EDTA to Fe*** ions
in the solutions was less than 1l:l. Hence, in order to
explaln the modifying effect of EDTA upon the Cu-toxicity,
it becomes necessary to assume that all the ferrlic ions in
the solution were reduced to ferrous ions by certain chemical

interactions (33) before cupric ions were chelated by EDTA.
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The ratio of EDTA to Cu®*, even in the treatment
receiving the highest concentration of copper, was consid-
erably higher than 1:1. In the event that the reduction of
ferric ions occurs in the solution, all the cupric ions in
all the treatments receiving EDTA should be chelated. Results
presented here (Figures 8, 9, 10, and 11) indicate, however,
that there was a gradual depression in the growth of the
plants at concentrations higher than 0.4 micromole of CuSOQy
in the solutions in spite of the addition of EDTA. This
shows that complete chelation of cupric ions in the solution
is not necessarlly a corrective for the copper toxicity, and
that high concentrations of copper can interfere with the
effectiveness of EDTA as a growth-stimulant, as shown 1in
experiment 4,

Experiment 6. In this experiment there were two
sets of three treatments each, with five culture Jjars in
each treatment. The three treatments in the first set
received different concentrations of manganese in thelr
solutions. Treatments in the second set were ldentical with
those of the first except for 10 micromoles of EDTA in each
of them. Other constituents of the solutions in all the
treatments were the same as listed in Table V. The hydrogen-
ion concentration of all the solutions remained between 6.5
and 7.0 throughout the growth period of twenty-one days.
Results are shown in Table VIII.

It appears from the results that the addlition of

EDTA to the solution did not prevent the chlorosis caused
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Table VIII

EFFECT OF EDTAl ON THE Mn-TOSICITY
OF CORN IN SOLUTION CULTURE

Dry welght Visual
rams per pl characteristi
Treatnents Top Root
x6 Mn 0093 0.36 Normal and healthy
x8 Mn 0.86 0.32 Slight chlorosis
x10 Mn 0.79 0.32 Considerable
chlorosis
x6 Mn and EDTA 0.75 0,31 Slight chlorosis
x8 Mn and EDTA 0.74 0.31 Considerable
chlorosis
x10 Mn and EDTA 0.50 0.26 Stunted and
chlorotic

lThe concentration of EDTA was 10 micromoles per liter of
culture solution.

The designations x6 Mn, x8 Mn, and x10 Mn as appear
in the table above indicate 6.0, 8.0, and 10.0 micromoles
of MnClo per liter.
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by high concentratlions of manganese. Plants receiving
6 micromoles of MnCl, alone (without any EDTA) showed
normal growth; but plants in all other treatments--regard-
less of the presence or absence of EDTA in the solution--
were progressively stunted and chlorotic with the increasing
concentrations of Mn'* in the solution. This deterioration
in growth was more noticeable in the plants receiving EDTA.
The following points may be considered 1n explanation
of the results, Previous workers have emphasized the impor-
tance of iron-manganese relation in plant metabolism., Somers
and Shive (68) pointed out that in the plant tissue a high
concentration of soluble iron 1s always assoclated with a
low conocentration of soluble manganese and vice versa.
Perkins and Purvis (58) reported that the soil application
of Mn=-EDTA lncreased the amount of water soluble and
exchangeable iron in the soll. In connection with the
present experiment the author believes that iron-chlorosis
resulted from the failure of EDTA to chelate excess Mn
ions in the solution. This fallure of chelation 1s due to
the fact that EDTA does not form any complex with Mn as long
as there are free Fo**", Cu”", Zn**, and Fe** ions in the
solution. The concentration of 10 micromoles is considered
to be the upper non-toxic level for EDTA (result of experi-
ment 4) in culture solution; and any increase of this con-
centration in order to chelate all the metal ions mentioned
above as well as the Mn*' ilons would be obviously detrimental
to the plants. Therefore, under the conditions of this

experiment, 1t may be concluded that the addition of non-



toxie quantities of EDTA can not prevent the Mn-toxlicity

of corn in solution cultures,
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Part IV Xxperiments on "Versenol"
and its Metal Complexes

Malcolm (46) considered "Versenol"! iron chelate
as the most effective source of iron to correct the chlorosis
in plants growing in alkaline soil. Rasmussen (59) suggested
that chlorosis in plants grown in a nutrient solution of
high pH could be corrected by the addition of "Versenol"
iron chelate. The followlng three experiments were designed
to gain further information concerning the use of "Versenol"
and its magnesium and calcium chelates in nutrient culture.

Experiment 7. This experiment was concerned with
the effect of different concentrations of "Versenol" on the
growth of corn in sclution culture. The composition of the
solution of all treatments was the same as listed in Table V
except for the varying amounts of "Veraenol". Hydrogen-ion
concentrations of the solutions in all treatments remained
between 6.5 and 7.0 throughout the growth period of 21 days.
Results are shown in Table IX, Fig. 12, and Plates 10 and 11l.

Both Table IX and Fig. 12 show that there was very
little difference in dry weigcht yileldas (statistically insig-
nificant) between the plants in the control (without "Ver—
senol") and those receiving 10 and 20 micromoles of "Versenol",

There was a progressive deterioration in the growth of plants

1"Versenol”, obtained from Dow Chemical Company,
is a tri-sodium salt of N-hydroxy ethyl ethylene dlamine
triacetic acid.



Table IX

EFFECT OF DIFFERENT CONCENTRATIONS OF "VERSENOL"
ON THE GROWTH OF CORN IN SOLUTION CULTURE

Concentration of

"Versenol" micro- Dry weight
moles per liter rams per plant Standard erreor
Top Roof Top Root
0 0.90 0.29 062 017
10 0.98 0.29 «055 «013
20 0.97 0.26 058 008
40 0.7 0.25 «085 .022
80 0.50 0.22 «049 »008

160 0,32 0.20 2030 .01l
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Plate 10

Effect of varying concentrations of "Verasenol
on the growth of corn in solution culture.

Left to right: concentrations of "Versenol" are
o, 10, 20, 40, 80, 100 micromoles per liter.
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Plate 11

Effect of "Versenol"
on the root growth of corn
in solution culture,

Left to right: concentrations of "Versenol"
are 0, 10, and 80 micromoles per liter.
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with any further increase in concentrations of "Versenol",
although this deterioration was less marked in root than
in shoot (Fig. 12 and Plate 11). In appearance, however,
the plants receiving 10 and 20 micromoles of "Versenol"
looked somewhat more vigorous than those in the control
(Plate 10).

It appears from the above considerations that the
upper non-toxic level of "Versenol" concentration in nutrient
culture approximates 20 micromoles per liter as against 10
micromoles for EDTA (experiment 4). EDTA in low concen-
tration proved to be distinctly growth-promoting. The
present experiment served only to determine the upper non-
toxic limit for “Versenol® concentration in nutrient solu-
tion., It will be of interest, however, to determine the
effect of "Versenol" concentrations lower than 10 micro=-
moles on the growth of plants in sclution culture,

Experiment 8. This experiment was designed to
determine the possibility of chelated magnesium ("Versenol"
magnesium chelate) as a source of magnesium in solution
culture. Dunn and Roberts (22) found no beneficlal effect
of magnesium Versenel on corn and apple seedlings grown in
solution cultures, Previous work in the Horticultural
Department of the University of New Hampshire by R. Eggert
(unpublished dats) showed that Mg-EDTA in high concentra-
tions was very toxic to plants both as foliar spray and

lMagnesium Versene, Sequestrene NapMg of Gelgy
Chemical Corporation.,



soil applieations,

In this experiment there were three treatments,
each consisting of 10 culture Jjars. The source of iron in
all treatments was "Versenol" iron chelate. Treatment A
was considered to be the control since the plants here
received magnesium sulfate (Table V) as the source of mag-
nesium. In treatment B the only source of magnesium vas
"Versenol" magnesium chelate (6 micromoles per liter)
which was prepared by combining pure "Versenol" and magnesium
sulfate in equi~-molecular proportions at pH 6.5, Treatment
C, on the other hand, was kept free from any magnesium as
far as possible. Other constituents of the soluiion in all
treatments were the same as listed in Table V, The hydrogen-
lon concentration of the solutions in all treatments was
between 6.5 and 7.0 throughout the growth period of 21 days.
Results are shown in Table X and Plate 12,

Plants in both treatments A and B looked very
vigorous as compared to those 1ln treatment C which were
distinctly stunted and had all the symptoms of magnesium
deficiency (chlorosis, necrotic leaf-spots, and poor root
growth), The dry weight ylelds of tops and roots in treat-
ments A and B were found to be significantly higher than
those of treatment C. The difference between the dry weight
yields of plants in treatment A and those in treatment B,
however, was insignificant.

The following points may be considered in explana-

tion of the results. The total concentration of "Versenol"



Table X

ROLE OF "VERSENOL®" MAGNESIUM CHELATE
AS A SOURCE OF MAGNESIUM FOR CORN IN SOLUTION CULTURE

Metal Chelates,
Micromoles Mean dry welght

per liter grams per g%ggt SBtandard error
Top ot Top Root

A.
"Versenol" iron
chelate
(9 micromoles) 0,94 0330w 0.015 0,006

Be.
"Versenol" magnesium
chelate
(6 micromoles)
"Versenol" iron
chelate
(4.5 micromoles) 1.05% O,38%% 0.,152 0,016

Ce.
"VYersenol" iron
chelate
(9 micromoles)
No magnesium 0.55 0.25 0.034 0,008

#Significant at 0.05 level over the corresponding value
in treatment C.

##5ignificant at 0,01 level over the corresponding value
in treatment C.

T2



Plate 12

Role of "Versenol" magnesium chelate
as a source of magnesium
in solution culture,

Ver-Mg is "Versenol" magnesium chelate
(6 micromoles)
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metal chelate in any of the treatments did not exceed 10.5
mioromoles which was found in previous tests to be the
optimum ooncentration for "Versenol" under these comditions,
The "“Versenol" magnesium chelate in treatment B should
dissociate 1n the solution to a very negligible extent
throughout the expeﬂ.ment. This 18 because both iron and
magnesium were in chelate form and there would be no
possibility for the iron to replace magnesium from its
complex. The percentage of magnesium as metal present in
the "Versenol" magnesium chelate, however, was considerably
lower than that in magnesium sulfate (treatment A)., In spite
of this low concentration of magnesium in treatment B, plants
here did not show any signs of magnesium deficiency (with
treatment C as index). Instead they were just as vigorous
as those in treatmeﬁt A. This indicates that magnesium of
"Versenol" magnesium chelate was as readily utilized by
plants as that of magnesium sulfate (45).

There appears to be no published account of the
successful use of chelated magnesium as a plant nutrient
in solution culture. It will be of considerable interest
to employ technigues of chemical analysis in further evalu-
ation of "Versenol" magnesium chelate as a source of magnesium
for plants,

Experiment 9. This experiment was concermed with
the possible use of "Versenol" calcium chelate as a source
of calcium in solution culture. There were three treatments,

each consisting of 10 culture Jars, The source of iron for
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the plants in all treatments was "Versenol" iron chelate.
Treatment A was consldered to be the control since the
plants here received calcium acetate as the source of
calcium (Table V). Plants in treatment B received "Versenol"
caloium chelate (6 micromoles per liter) which was freshly
prepared by combining calecium chloride and pure "Versenol"

in equi-molecular proportions, Treatment C, on the other
hand, was kept free from any form of calcium. The growth
period was the same as in the previous experiments. The
results are shown in Table XI and Plate 13.

Results indicate that "Versenol" calocium chelate
is a poor substitute for calcium acetate as a source of
calcium for corn in solution culture. During the firast two
weeks of growth, there was no visible difference between
the plants in treatments A and B, At the end of the second
week, however, plants in treatment B began to develop all
the symptoms of calcium deficlency which were already mani-
feat in the plants of treatment C. These symptoms included
dying of the youngest leaf, involuted leaf margins, and
brittleness of the growing points (84),

An examination of Plate 13 willl indicate that, in
spite of having involuted leaf margins typlcal of Ca-
deficlency, the plants receiving "Versenol" calcium chelate
were considerably more vigorous than those in treatment C.
This suggests that the calcium metabolism in the plants of
treatment B was not impalired from the beginning of the

experiment as 1t was in the plants of treatment C. Therefore,
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"Versenol"” calcium chelate might have furnished a part of
the total calcium requirement of the plants. It may be
noted that the percentage of calcium as metal present in
"Versenol" calcium chelate is considereably lower than that
in calcium acetate (control); thus it may seem desirable

to increase the concentration of "Versenol" calcium chelate
in the nutrient solution in order to meet the total calcium
requirement of the plants. The author, however, found in
preliminary tests that any inorease ln ccncentration of
"Versenol" calcium chelate beyond the 6 micromole level
proved somevwhat detrimental to the plants,

It may be noted that the pH of the solutions in
treatments B and C was much lower than that of the solution
in treatment A. Michael (53) found that the uptake of
caleium by ocorn in solution culture was considerably less
at pH 4.0 than at pH 6.0 or 7.5. Smith (65) reported that
a reduced concentration of Ca** ilons in the foliage was
assoclated with an 1lncreased pH of the solution. Steinberg
(71), however, found that complete availability of calcium
to plants in culture solution was possible in both neutral
and acld media i1f the content of the culture jars was
stirred seml-weekly. In the present experiment the caléium
deficiency of the plants in treatment B (Plate 13) indicates
that "Versenol" calcium chelate was not a satisfactory
carrier for calcium. VWhether this fallure of chelated
calcium to meet the calcium requirement of the plants was
due to a relatively lower pH of the solution in treatment B

is a question needing further investigation.



Table XI

ROLE OF CALCIUM “VERSENOL" CHELATE
AS A BOURCE OF CAICIUM FOR CORN IN SOLUTION CULTURE

Dry weight Standard Visual
£ gms ver plant errorxr chargoteristics

Ireatments Root Top Root
A.
Calcium acetate
and "Versenol"
iron chelate Normal and
(9 micromoles) 1.14 0.39 040 ,018 healthy
B,
“Versenol" Involuted
galcium chelate leaf margin
(6 nicronoloa and dbrownish
and “Versenol root.
iron chelate Drying growing
(4.5 micromoles) 0,99% 0.36 .055 L0256 point,
Ce
"Versenol" Involuted
iron chelate leaf margin,
(9 micromoles) dying of
and no youngest leaf;
calcium O, T4%®  0O,33% 030 015 poor root.

#*8ignificantly less (at 0,05 level) than the corresponding
value in treatment A.

##8ignificantly less (at 0.01 level) than the corresponding
value in treatment A.



Plate 13

Ca Gceelate
PH 60 o

No Caleium
PR 45-%50

Effect of "Versenol" calcium chelate
on the growth of corm in solution culture.

Ca=Ver is "Versenol" calcium chelate
(6 micromoles)



CONCLUSIONS

Ethyl ammonium phosphate proved to be an effective
substitute for potassium dihydrogen phosphate as a source
of phosphorua for corn in nutrient solutions. In a nutrient
solution of high pH, KHoPO4 interacted with ferric chloride
and tended to make iron, and possibly phosphorus, unavall-
able to plants. This problem of iron supply, however, was
solved either by using chelated iron (Fe~-EDTA) or by sub-
stituting ethyl ammonium phosphate for KHoPOy.

While ethyl acid phosphate and n-propyl acid phosphate
proved to be very poor substitutes for elther KHpoPO4 or ethyl
ammonium phosphate, sodium tetra-phosphate took an inter-
mediate position as a source of phosphorus; it was effective
on the growth of root but not on the growth of shoot.

Calcium acetate was used successfully as a source
of calcium in culture soclutione. It not only buffered the
solution and kept the pH consistent and high (6.0-7.0) but
stimulated the root growth considerably. Under the condi-
tlons of the experiments reported here, it is not known,
however, whether the actlon of Ca-acetate on the roots was
a direct or an indirect one,

Ethylene dlamine tetraacetic acid in low concen-
trations (10 micromoles and below) was diastinctly beneficial
to the growth of corn, especlally to its root development,

in nutrient cultures under greenhouse conditions. This
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beneficlal effect was attributed to a growth-promoting
property of EDTA in low concentrations (45).

The presence of lncreasing concentrations of copper
ions in the nutrient solution causes progressive deteriora-
tion in the growth of the plants. Within a certain limit
of Cu'’ concentration, a minute quantity of EDTA (5 micro-
moles per liter) can completely inactivate this copper-
toxicity. Beyond this limlt of Cu** concentration, the
modifying effect of EDTA on Cu~toxiclity appeared to be
reduced.,

Manganese toxicity, on the other hand, could not
be corrected by the addition of EDTA to the nutrient asolu-
tions. This wae thought to be due to the lack of chelation
of Mn** ions by EDTA.

The upper non-toxic level for "Versenol" in a
nutrient solution approximated 20 micromoles per liter.
Unlike EDTA, "Versenol” did not seem to have any signifi-
cantly beneficlal effect on the growth of corn in solution
culture.

The magnesium salt of "Versenol", supplied in non-
toxic dilution (6 micromoles peir liter) and with proper
adjustment of the composition of the solution, substituted
successfully for magnesium sulfate as a source of magnesium
for corn in solution culture (45).

Plants receiving "Versenol" calcium chelate (6 micro-
moles per liter) as the only source of calcium began to

develop calclum deficiency symptoma to a considerable
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degree at the end of the second week of growth,

Buggestions for future work may be made along the
following lines: a) to determine how phosphorus from ethyl
ammonium phosphate is released and made available to the
centers of metabolism within the plant; b) to determine
the physiologlcal basls for the beneficlial effect of EDTA
at low concentration on the growth of plants in solution
culture (e. g. respiration or enzyme studies); c) to employ
other synthetic chelating agents and to evaluate thelr use
in sclution culture; d) to determine the use of "Versenol"
magnesium chelate for plants susceptible to magnesium

deficiency (such as apple) in solution culture.
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